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ABSTRACT

We have determined the molecular structure about ions in water under hydrothermal conditions
using X-ray absorption fine structure spectroscopy (XAFS). We report a large decrease in the
extent of ion hydration in Ni**, Sr**, Rb", and Br’ solutions and the formation of contact-ion pairs
in aqueous nickel bromide at temperatures exceeding 325°C. The results demonstrate the large
changes in the solvation dynamics that occur in the transition from ambient to supercritical
conditions. Such fundamental structural information on the speciation in aqueous solutions
under hydrothermal conditions is scarce but needed for an understanding of both inorganic and
organic reactions in a supercritical-water solvent. Such an understanding will further the
development of new hydrothermal technologies such as organic synthesis or waste destruction
processes.

INTRODUCTION

It is well known that ionic species start to associate with their respective counter ions in water at
high temperatures. For solutions containing ionic species at moderate concentrations, the onset
of this phenomena occurs at temperatures above about 325°C where the breakdown of the water
hydrogen-bonding network’ leads to a dielectric constant (low-frequency) that is dramatically
lower than for ambient conditions. The low value of the dielectric constant means that the
electrostatic interactions between charged species is no longer effectively screened. A detailed
description of the ion-pairing phenomena was first made available through theoretical and
simulation work™. Some experimental evidence™ of the existence of ion-pairing was also
derived from electronic and Raman spectroscopy but yielded little dircct structural information.
This XAFS technique®” gives the short-range structure of the first several solvation shells about
the ion. Therefore, for the first time, we can measure the detailed structural transitions that occur
under hydrothermal conditions. We have previously reported observation of significant
dehydration occurring under supercritical water conditions for mono- and di-valent cations'®"?
(Sr** and Rb*) and for a monovalent anion (Br)."* More recently we have explored NiBr,
hydration and ion pairing in moderately dilute systems.'* Seward et al.'® have also reported
XAFS studies of the hydration and ion-pairing of Ag* in subcritical water solutions at their vapor
pressure. In this paper, we explore a Ni?* system in which the Br™ concentration is greatly
increased through the addition of NaBr. This promotes the formation of the more highly
coordinated NiBr, species.

Although this presentation will deal with association of inorganic ions ins supercritical water (Tc
= 375°C), the results are important to systems that also contain organic species. The structural
transition that occurs for these inorganic species will also have their analogous transition for
organic ionic species. Thus, the existence of ion pairs is an important consideration for
manipulating reaction pathways and reaction rates in supercritical water. For instance, ion-pair
formation may enhance the reactivity of charged organic molecules if it involves the association
of two ionic reactant species (oppositely charged) or it involves an ionic reactant species with an
ionic catalytic species. The reactivity may be reduced in those instances where an ijonic reactant
is sequestered by ion-pair formation with a non-reactive ionic species. Similar mechanisms of
enhanced or reduced reaction rates would also affect pathways that involve ionic transition-state
species. Finally, the regioselectivity may also be influenced for charged or very polar reactants
since the reactants can assume a strongly-bound spatial orientation in an jon-pair structure. 1t is
in this light, that we explore the detailed nature of ion pairing under hydrothermal conditions.

EXPERIMENTAL

In XAFS, the x-ray energy is tuned to the region bounding the electron absorption (in this case
the K-edge). The ejected photoelectons are back-scattered by atoms in the nearest solvation
shells giving rise to oscillations in the XAFS spectra on the high energy side of the edge. The
Fourier transformation of these k-space spectra gives a real-space distribution plot that is closelv
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related to a radial distribution function. XAFS is a short-range technique, that gives structural
information out to one or two solvent shells from the central scattering atom. This is the region
of critical importance for understanding ion hydration in a water environment. XAFS spectra
were acquired at the insertion device beamline (PNC-CAT) at the Advance Photon Source
(Argonne National Laboratory) and at beamline X-19A of the National Synchrotron Light
Source (NSLS) at the Brookhaven National Laboratory. A schematic of the high-temperature,
high-pressure XAFS equipment and of the data transformation methods are depicted in Figure 1.
The details of the experimental techniques ''"'*'%!7 are given elsewhere.

The methods for data collection, background correction and data transformation are well-
established™'®'? The analysis of the (k) function was based upon the standard XAFS
relationship

2
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Where F(k), 6(k), and A(k) are the amplitude, phase and mean-free path factor, respectively,
that are derived from the theoretical standard FEFF.?° Detailed description of fitting methods for
these parameters can be found elsewhere.'* The remaining terms in Equation 1 are N, the
coordination number of the shell, R, the shell distance, o, the Debye-Waller factor which
represents the mean-square variation in R due to both static and thermal disorder, and finally C,,
the anharmonicity of the pair-distribution. These terms, which contain the quantitative structural
information, were found using the FEFFIT?""? analysis program that employs a non-linear, least-
squares fit to the theoretical standards calculated by FEFF.?°

DISCUSSION AND CONCLUSIONS

Figure 2 is a radial structure plot for Ni*", The figure relates the probability of finding a water
molecule or a Br at some distance from the central Ni** ion. Under ambient conditions the Ni**
is octahedrally coordinated with 6 water molecules. As the temperature of the solution is
increased, the number of water molecules in the first solvation shell decreases and we pbserve
the appearance of a new peak at about 2.1 A due to the Br counterion. In all the systems that
have been studied in detail thus far, the decrease in the extent of hydration occurs concurrent
with the formation of the contact ion pairs. This may be primarily a size-exclusion cffect or may
be in part due to the reduction in the local electric field due to the presence of the counterions.

Table 1 relates the change in the extent of hydration upon going from ambient to a supercritical
state for a variety of different cations and an anion. Again there are dramatic reductions in the
extent of hydration upon reaching supercritical conditions for these ionic species.

Table 2 reports the detailed structural parameters for a NiBr, contact ion pair. The results are
derived from a global-model fit to two independent XAFS measurements at both the Ni and Br
absorption edges. Thus, a very high degree of confidence is obtained for the NiBr, ion-pair
structural parameters. In this system, the concentration of the Br” was increased to 6 times the
Ni?* concentration in order to favor the formation of Ni** species with a high degree of ion
pairing. The results strongly suggest that there is a transition from octahedral Ni** coordination
at room temperature to tetrahedral coordination at elevated temperatures. The average number
of Br ions in contact with a Ni** fon is 3.3. Since electrostatically neutral species are strongly
favored in this solvent, the likely species may include dimers (NiBrsNi(H;0),)°® or species that
also include Na'* association such as (N iBr;Na(H;O),.)O.

In conclusion, a great deal of structural information is available from XAFS about a wide range
of supercritical water systems. Information from these studies will aid in the development of
structurally-appropriate models of reaction rates and pathways under hydrothermal conditions.
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FIGURES AND TABLES
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Figure 1. Schematic of the supercritical water XAFS cell and the data analysis technique.
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Figure 2. Radial structure around Ni** ions in supercritical water and the evolution of the Br

contact ion pair. Distances are not corrected in this figure for the XAFS phase shift
but the corrected distances are reported in the following tables.

Table 1. De-hydration of cations/anions in SC Water [M™]=0.2m
Y

Ambient Supercritical
g Ion  Number of Distance of Temp. Number of Distance of % De-
’ nearest  nearest waters °C nearest  nearest waters Hydration
’ waters waters
3 Rb' 5.6 293A 425 3.6 - 36%
) Br" 7.1 3.35A 425 28 339A 60%
q st 13 2.60 A 385 36 - 51%
NiZ* 6.1 2.06 A 425 2.6 2.095 A 57%
¢
Table 2. Hydration and contact-ion pair structure of Ni** in ambient, subcritical and supercritical
/ water from Ni and Br XAFS measurements. [NiBr;] = 0.2 molal , [NaBr] = 0.8 molal.
Ni’* Hydration / Br'” Hydration® NiBr,*™ Structure
; oc Density, Number Distance 0’2, Number Distance ' s
g/em3  H,O's H;0’s, A x107A? Br’s  Br's, A x103A2
25 1.05 59/17.1 2.062/3.36 5.9/28 0.0 -- -
) 325 081 /46 /329  Py28 1.1 2.55 11
425 0.65 1.0/43 . 2.091/3.31 3.2/43 33 2.405 12
r
? Error associated with nearest neighbor numbers is approximately + 0.3, error associated with distance is
approximately + 0.05 A, and error associated with o?is 10.003
® The Ni XAFS was not measured for this concentration,
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